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Abstract 8 
Rotating bioreactor, such as the NASA bioreactor, which was designed by the National Aeronautics 9 
and Space Administration (NASA), USA, can be used to mimic micro-gravity conditions and simulate 10 
the effects of microgravity on cells growth. The cell growth in the bioreactor depends on the nutrient 11 
availability which in turn depends on the cell density and distribution within the bioreactor. In this 12 
work, we use a numerical model of suspended particle motion to simulate the cell motion and 13 
distribution in a specific variant of the NASA bioreactor, namely, the high aspect ratio vessel (HARV) 14 
bioreactor. The nutrient distribution in the bioreactor is simulated based on a convection-diffusion-15 
reaction supplemented by laboratory experiments aimed at obtaining the required data. We present the 16 
modelling framework in this paper and discuss the most salient simulated results. For example, the 17 
simulation results show that the distributions of the cells in the bioreactor appear as concentric circles 18 
and that the cells density is higher in the middle of the HARV bioreactor. These cell distributions 19 
imply that they may accumulate in the middle of the bioreactor at sufficiently high cell density. The 20 
results also demonstrate that the concentration of nutrient is fairly uniform in the bioreactor but 21 
decreases slightly from the outer radius of the HARV bioreactor to the inner radius. This is possibly 22 
caused by the higher consumption of glucose due to the higher cell density in the middle of the radius. 23 
We expect that the modelling framework in this paper would help optimize the culture conditions for 24 
the cells in HARV bioreactors.  25 
Keywords: Cell culture; mathematical models; diffusion; nutrient transfer; rotating bioreactor 26 
Nomenclature 27 
Symbol  Description 
a  Particle diameter of cells (m) 
C  Nutrient concentration (mol/m3) cs  Mass fraction of solid cells particle (-)  
D  Diffusion coefficient (m2/s) d  Cells density (mol/m3) fh  Hindered setting function (-) g  Gravitational constant (m/s2) Js��⃗   Particle flux (1/s) 
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Jsc����⃗   Particle flux contributed to particle interaction (1/s) Jsµ�����⃗   Particle flux contributed to spatial variation (1/s) 
k  Empirical coefficient based on experimental result (m3/mol) kc  Correlation coefficient of nutrient consumption (m3/mol) ke  Cell doubling time coefficient (1/s) ksc  Coefficient of particle flux contributed to particle interaction (-) kµ  Coefficient of particle flux contributed to spatial variation (-) 
L  Thickness of HARV bioreactor (m) 
P  Pressure of fluid flow (Pa) 
r  Radial co-ordinate rc  Reaction rate of nutrient consumption (mol/m3s) 
T  Time (s) 
u  Mean fluid velocity (m/s) us���⃗   Velocity of solid particle (m/s) ust�����⃗   Setting velocity in stokes law (m/s) uslıp��������⃗   Relative velocity between solid and liquid phases (m/s). u�⃑ ,  Velocity of fluid in rotating bioreactor (m/s) ur���⃑   Velocity of bioreactor wall rotating (m/s)  Vp  Volume of solid particle (m3)  
X  Cartesian coordinate x direction 
y  Cartesian coordinate y direction 
µ  Average viscosity of particle and medium mixture 
µf  Viscosity of pure liquid medium 
µc  Coefficient of nutrient consumption (1/s) 
Ρ  Average density of particle and fluid mixture (kg/m3) 
ρf  Density of pure fluid (kg/m
3) 
ρs  Density of solid particle (kg/m
3) 
ρf
°  Phase density of liquid medium (CCM) (kg/m3) 
ρs
°   Phase density of solid particle (kg/m3) 
τw  Shear stress (kg/ms
2) 
Ω  Rotational speed (rad/s) 
Φ  Volume fraction of particle (-) 
Φmax  Maximum packing volume fraction (-) 
Φs  Initial solid particle volume fraction (-) 
γ̇  Magnitude of shear tension rate (1/s) 
   
Acronyms 28 
Acronyms Definition  
CHO Chinese hamster ovary cell  
HARV High aspect ratio vessel  
NASA National Aeronautics and Space Administration  
RWPV Rotating-wall perfused-vessel  
RWV Rotating-wall vessel  
STLV Slow turning lateral vessel  
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1. Introduction 29 
The rotating wall vessel (RWV) bioreactor is the first generation bioreactor which was developed by 30 
the National Aeronautics and Space Administration (NASA), USA, to protect cultured cells from high 31 
shear forces generated during the launch and the landing of space shuttles. The RWV bioreactor is 32 
popularly known as the NASA bioreactor. The cell/tissue growth environment in this type of 33 
bioreactor shows special features such as partial microgravity and continuous cell suspension in a fluid 34 
which provide a number of desired conditions for three-dimensional development of artificial tissues, 35 
e.g., low shear-stress, high mass transfer rate and good fluid mixing. Due to these features, the NASA 36 
bioreactor is regularly used for studying different aspects of cell culture. Several variants of the RWV 37 
bioreactor have been reported [1–4], such as rotating-wall perfused vessel (RWPV) bioreactor, slow-38 
turning lateral vessel (STLV) bioreactor and high aspect ratio vessel (HARV) bioreactor to complete a 39 
number of previous experiments under microgravity [1,5–9]. Among these variants, the HARV 40 
bioreactor shows a good potential for application for cell culture. This is due to the high ratio of radius-41 
to-depth of the bioreactor and large area of gas (e.g., oxygen) permeable membrane, which allows the 42 
bioreactor to provide higher mass transfer and concentration of the gas in the cultured environment 43 
than the other variants. Although there have been some previous attempts to develop computational 44 
models to simulate the cell motion [4] or fluid and nutrients transport [10,11] in HARV bioreactor, 45 
most of these studies focus on simulating the effects of specific factors such as cells growth, fluid flow 46 
and single cell trajectory within the bioreactor, or different geometries of bioreactor [1–3,12]. 47 
Therefore, it seems that there is a lack of well-established modelling framework for simulating 48 
transient cell distribution within the bioreactor, particularly, for small cells, such as Chinese hamster 49 
ovarian (CHO) cells. Furthermore, there is a general lack of studies that deal with simulating the 50 
coupled behavior between the cell and nutrient distributions in these bioreactors. In addressing these 51 
issues, we report a mathematical framework in this paper, which focuses on determining the fluid flow 52 
and transient distribution of cells in the HARV bioreactor while growing cells under specified 53 
operating conditions (e.g., angular frequency). We define that the cells cultured in the HARV 54 
bioreactor (Figure 1) appear as suspended micron-particles (non-deformable) and apply a particle 55 
suspension model to simulate the cell movement during cell cultivation. Our results into the 56 
relationships between these parameters provide important understanding of the nutritional requirement 57 
in the HARV bioreactor, which, as stated above, is a specific variant of the NASA bioreactor. 58 
2. Methodology 59 
The cell growth and distribution inside the bioreactors in general and HARV bioreactor in specific 60 
depend on a number of inter-related processes such as the fluid dynamics, mixing, cell growth kinetics 61 
and convective and diffusive mass transport [1–6,13]. Our approaches to modelling these processes for 62 
the purpose of this paper are discussed briefly below. 63 
2.1. Cell distribution 64 
To simulate the cell distribution, we define that the cells are non-deformable spherical micro-particles 65 
suspended in a Newtonian fluid medium, namely, a cell culture medium (CCM). In other words, we 66 
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start by defining that there are two-distinct phases in the bioreactor, namely, the cells (solid phase) and 67 
CCM (fluid phase). The distribution of the cells in the suspension is defined to be influenced by the 68 
fluid velocity field and, conversely, the velocity field is affected by the cells’ buoyant movement. The 69 
developed model then uses a continuum approach, which in turn is defined to rely on a constitutive 70 
equation [14] to simulate the cell and fluid movement in the HARV bioreactor.  71 
 72 
Following on from this background, a two-dimensional  model based on a two-phase suspension 73 
model [15] is applied where the fluid medium and cells are considered to be two different phases. For 74 
the purpose of the simulations, we define that the content in the bioreactor vessel is well mixed. It is 75 
also defined that the vessel is placed symmetrically about the centre line of the bioreactor where we 76 
neglect the fluid motion along the horizontal direction (z-axis) in order to simplify the simulations 77 
(Figure 1).  78 
 79 
Given the above assumptions, the following momentum equation is used to describe the conservation 80 
of momentum of the liquid medium within the HARV [16,17]: 81 
ρ
∂u�⃗
∂t + ρ(u�⃗ ∙ ∇)u�⃗ = −∇p − ∇ ∙ �ρcs(1 − cs)uslıp��������⃗ ∙ uslıp��������⃗ � + ∇ ∙ �µ�∇u�⃗ + ∇u�⃗ T�� + ρg�⃗  (1)  
 82 
In equation (1), the g�⃗  term represents a body force acting on the cells where the force is written as a 83 
positive term. In the scalar components of the equation, the vertical component of the gravity vector is 84 
set as a negative term. On the other hand, the components of the gravity vector in the other directions 85 
are set to zero.  86 
 87 
In equation (1), the mixture density ( ) is expressed as: 88 
ρ = (1 −Φs)ρf° + Φsρs°  
 
(2)  
According to Subia et al. [13], treating the suspended micro-particles as a single continuum requires 89 
considering the variable viscosity with different particle concentrations. We adopt the same 90 
consideration in this paper and apply the following correlation (equation 3) which Krieger [16] and 91 
Leighton and Acrivos [17] proposed for the relative viscosity with variable cell volume fractions. In 92 
equation (3), represents the effective mixture viscosity (N‧s/ m2) according to a Krieger-type 93 
expression:  94 
 95 
µ = µf �1 − ΦsΦmax�−2.5Φmax (3)  
 96 
In this case, the value of  depends on the uniformity of cell’s shape (defined as spherical in this 97 
work) and size, the structure of the packed configuration. The range of maximum volume fraction can 98 
vary from 0.52 for simple cubic packing to 0.74 for face centred cubic packing. To simplify the model 99 
complexity, we define that the maximum volume fraction is 0.68 for the purpose of this work, which is 100 
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the high-shear limit value used by Krieger [16]. For experimental data collection, the  parameter 101 
is considered as an adjustable variable. 102 
 103 
The continuity equation for mass of the mixture is described by the following formula: 104 
 105 
�ρs
° − ρf°��∇ ∙ �Φs(1 − cs)uslıp��������⃗ �� + ρf°(∇ ∙ u�⃗ ) = 0 (4)  
 106 
The transport equation for the solid-phase (cell) volume fraction in the bioreactor is given as: 107 
 108 
𝜕Φs
𝜕𝑡
+ ∇ ∙ (Φsus���⃗ ) = 0  (5)  
 109 
Where the solid-phase (cells) velocity us���⃗  is defined as us���⃗ = u�⃗ + (1 − cs)uslıp��������⃗ . Inserting us���⃗  with 110 
equation (5), the equation can be rearranged as: 111 
 112 
∂Φs
∂t
+ ∇ ∙ �Φs�u�⃗ + �1-cs�uslıp��������⃗ �� = 0 (6)  
 113 
Instead of using uslıp��������⃗ , Rao et al. [15] have used the particle flux Js��⃗   in terms of particle movement in 114 
the continuity equation and the conservation equation. Using the same approach, we write the 115 
conservation equation for cells as follows: 116 
 117 
∂Φs
∂t + ∇(u�⃗ Φ) = −∇ ∙ Js��⃗ρs°  (7)  
 118 
Due to the density difference between the cells and the cell culture medium, an assumption is made 119 
which is that the cell and the fluid are incompressible by each phase. The flux term Js��⃗  can then be 120 
introduced into the continuity equation as follows: 121 
 122 
∇ ∙ u�⃗ = ρs°−ρf°
ρs
°ρf° ∇ ∙ Js��⃗  (8)  
 123 
Where, the relationship between uslıp��������⃗  and Js��⃗  is determined by combining them with the continuity 124 
equation for the solid particles’ relative velocity. The relationship is as follows: 125 
 126 uslıp��������⃗ = Js���⃗Φ𝑠𝑑(1−𝑐𝑠) (9)  
 127 
Equation (7) is dissolved and equation (8) is inserted in place of the divergence of velocity. Hence, the 128 
conservation equation for the cell volume fraction can be rearranged as: 129 
 130 
𝜕Φ
𝜕𝑡
+ u�⃗ ∇(Φ) = ρs°−ρf°
ρs
°ρf° ∇ ∙ Js��⃗ = ρρs°ρf° ∇ ∙ Js��⃗  (10)  
 131 
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In a flow problem involving the cells, how the cell concentration varies with time must be known in 132 
order to evaluate the total stress. According to the studies by Subia et al [14], the evolution equation 133 
for particle volume fraction, shown as the above equation, can be derived by considering several 134 
mechanisms, which include Brownian motion, sedimentation, hydrodynamic particle interactions and 135 
gradients in suspension viscosity. 136 
 137 
Based on the assumption that neglecting the effects of Brownian motion and sedimentation (e.g., see, 138 
Subia et al. [13]) the diffusive flux of the cells is written as follows: 139 
 140 Js��⃗ = Jsµ����⃗ + Jsc����⃗  (11)  
 141 
In consistent with Leighton and Acrivos [17] and Phillips et al. [18], we apply a scaling argument for 142 
the diffusive particle flux as follows: 143 
 144 Jsc����⃗ = −a2Φ2ksc∇(γ̇Φ) (12)  
And 145 Jsµ����⃗ = −a2Φ2kµ∇(lnµ) (13)  
 146 
These equations show how the particle flux is driven not only by the gradient of concentration but also 147 
by the gradient of shear stress.  148 
 149 
Zhang and Acrivos [19] proposed that one should include a sedimentation term in equation (11) by 150 
using a hindered settling function to take into account the buoyancy effect on the sedimentation of the 151 
particles in the liquid. Following Rao et al. [14], we can get the governing equation of the flux of the 152 
cells by combining the above three equations (11-13) so as to incorporate the effect of hindered 153 
sedimentation in the model: 154 
 155 Js��⃗
ρs
= −�ΦDΦ∇(γ̇Φ) + Φ2Dµγ̇∇(lnµ)� + fhust�����⃗ Φ (14)  
 156 
Where  and are the rearranged coefficients resulting from multiplying the squared particle 157 
diameter with  and . In consistent with Rao et al. [14], these empirical coefficients are determined 158 
as follows: 159 
 (15)  
 (16)  ust�����⃗ = 2a2(ρs − ρf)9µ g�⃗  (17)  
 160 
Where ust�����⃗   is the settling velocity that is assumed for a spherical particle surrounded by a pure fluid. 161 ust�����⃗  is actually the Stokes velocity vector which is derived from a force balance and is composed in 162 
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terms of the diameter of a single particle, the density difference between the fluid and the particle, the 163 
mixture viscosity and the gravity acceleration. 164 
 165 
As shown in equation (14), we use a hindered settling function,  while incorporating the effect of 166 
sedimentation. In the work of Rao et al. [15], this hindered settling function was found to reduce the 167 
occurrence of physical shocks that would occur near the zone of maximum cell packing which in turn 168 
was found to give realistic-looking profiles for the maximum packing zone. In consistent with the 169 
previous studies, we apply the same form of hindered settling equation in this work: 170 
 171 fh = µf�1−Φaverage�µ  (18)  
 172 
In equation (14), , i.e., the magnitude of a shear-rate tension,  is directly related to the second 173 
invariant of the shear-rate tensor. The shear-rate tensor is given as: 174 
 175 
γ� = (∇u�⃗ + ∇u�⃗ T) (19)  
 176 
To determine the magnitude of shear-rate tension , we employ a generalized measure of shear rate  177 
by direct analogy with two-dimensional flows. The magnitude of the shear tension   is given as: 178 
 179 
[γ̇ = �1
2
(𝛾� ∙ 𝛾�) = �1
2
�4ux2 + 2�uy + vx�2 + 4vy2�] (20)  
 180 
By combining equations (14)-(18) and, (20), equation (10) can be rearranged as below: 181 
 182 
𝜕Φ
𝜕𝑡
+ u�⃗ ∇(Φ) =
ρf
°−ρs°
ρs
°ρf° ∇ ∙ ρs �[0.41a2Φ∇(γ̇Φ) + 0.62a2Φ2γ̇∇(lnµ)] + Φ2µfa2�1−Φaverage�(ρs−ρf)9µ2 g�⃗ � (21)  
 183 
We assume that the fluid flow is a Newtonian flow, the flow condition is laminar and the effective 184 
viscosity of the fluid flow is constant in the mixture medium. The boundary conditions of the 185 
horizontal surface introduce the shear stress , which is caused by the rotation of the mixture in the 186 
Newtonian fluid’s velocity field, is given as follows: 187 
 188 
𝜏𝑤 = 4𝜇𝑓(uw������⃑ −u�⃑)𝑙  (22)  
 189 
With the centre at point (0, 0), the fluid velocity ur���⃑  at any arbitrary point within the bioreactor is given 190 
as: 191 
 192 ur���⃑ = ω. (y,−x) = 2π∙rpm60 . (y,−x) (23)  
 193 
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 To simplify the boundary conditions for the simulations, we define that there is no cell penetration and 194 
dispersion on the wall. Also, the fluid velocity u�⃑  is equal to the rotation velocity ur���⃑  on the wall 195 
boundary. The suspension velocity satisfies the no-slip condition at all walls. 196 
2.2. Nutrient transport 197 
The growth of the cells in the bioreactor requires several different chemical components, such as 198 
oxygen, amino acids and glucose [20,21]. However, we only consider one solute, namely glucose, in 199 
this paper. In previous studies [22,23], the cell growth kinetics were found to be affected by the 200 
concentration of the  nutrient. In consistent with these studies, the cell growth rate is determined by the 201 
distribution of cell density simulated by the above mathematical analysis and by the distribution of 202 
nutrient concentration. In this paper, the glucose is considered as an ideal solute that has no volume. It 203 
is also assumed that there is no additional glucose supplied or lost in the bioreactor throughout the cell 204 
growth process. The governing equation is given as a convection–diffusion equation: 205 
 206 
dC
dt
+ u ∙ ∇C = Df ∙ ∇2C + rc (24)  
 207 rc, the nutrient consumption rate, is determined by the metabolism of the cells. In consistent with the 208 
experimental results of Altamirano et al. [24], the nutrient consumption rate of the cell is specified as a 209 
constant as follows: 210 
 211 rc = −µc ∙ d (25)  
 212 
µc, the nutrient consumption coefficient, is determined by experimental data in this work. 213 
2.3. Growth kinetics 214 
In this work, the exponential growth model is applied to simulate the CHO cells’ growth kinetics. In 215 
view of the effects of the mass transport of nutrients on cell growth kinetics, the mechanism of cell 216 
growth is coupled with the governing equations for nutrient transport. However, to simplify the 217 
verification mechanism for the cell growth, we define that the metabolism rate of cells is constant and 218 
that there is a single nutrient: glucose. By making these assumptions and roughly comparing the 219 
hypotheses for growth kinetics to the experimental data collected by Altamirano et al. [24], the nutrient 220 
influent mechanism is considered as a first-order kinetic reaction. In accordance with the previous 221 
study on general cell growth kinetic model by Almquist et al. [25], we have modified the mass balance  222 
equation as a cell kinetic model and apply the first order nutrient consumption by the cell and an 223 
exponential cell growth into the general model. For the purpose of this paper, the following 224 
exponential growth kinetics is used to define transient cell growth: 225 
 226 
∂d
∂t
= k ∙ ke ∙ C ∙ do ∙ eket = kc ∙ C ∙ do ∙ eket (26)  
2.4. Finite element model (FEM) model development 227 
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In this work, the model of suspended cell movement and the medium’s fluid dynamics are simulated in 228 
a two-dimensional model structure in commercially available modelling software COMSOL. Figure 2 229 
shows a numerical mesh of the 2D geometry of the HARV bioreactor. The figure demonstrates the 230 
cross-section of the surface geometry of the HARV model, divided into a number of small divisions 231 
and elements over which the numerical solution scheme is implemented. The radius of the model may 232 
be different for different types of bioreactor. However, we use the experimental data from the 233 
cultivation experiment, where the diameter of the HARV bioreactor is applied as 0.1 m. The meshing 234 
parameters (Figure 2) are set in order to obtain an accurate measure of the concentration changes in the 235 
HARV bioreactor, where minimum and maximum values of 1.25 × 10−5m and 0.0037m are set.  The 236 
mesh is generated using three-node triangular Lagrangian elements. This mesh is chosen due to the 237 
high gradient of concentration that occurs throughout the bioreactor and the precise simulations of 238 
local concentrations of cells and nutrients.  239 
2.5. Data collection for numerical simulations 240 
2.5.1 Material and method of cells growth experiment 241 
This cell growth kinetics for the simulation is determined based on in-house experimental data. In 242 
order to calculate the doubling time coefficient, ke, the in-house experiments were operated as follows. 243 
Chinese hamster ovarian (protein free) (CHO) cells were purchased from the Health Protection Agency 244 
(HPA), UK. The HARV bioreactor was placed in a humidified incubator under a 95% air: 5% CO2 245 
atmosphere and temperature of 37°C. The cells were seeded in a 55 ml capacity vessel at a cell density 246 
of 3×105 viable cells/ml at 37°C and the vessel was connected to the motor on the bioreactor. The 247 
rotational speed of the bioreactor was set to 7.5 rpm. The cells density was monitored at every 24 248 
hours by counting cells via haemocytometer while the nutrient concentration was maintained as a 249 
constant by adding the nutrient medium every 24 hours. 250 
2.5.2 Growth kinetics coefficient 251 
Using the experimental data collected by Altamirano et al. [24], the cell growth rate and metabolism in 252 
their batch culture condition are applied to satisfy our assumption of exponential cell growth in the 253 
HARV reactor. The reason we have chosen to use the data from this paper is because it contains these 254 
data for the cells we have chosen for the purpose of this paper, namely the CHO cells. The nutrients 255 
may affect the growth kinetics of the CHO cells. However, in our simulations, we only consider one 256 
nutrient and its effects on cell growth in order to simplify the simulation process. To eliminate the 257 
effects of other nutrients on cell growth, the experimental data collected from 5mM glucose 258 
concentration solution is applied in our simulation. As the metabolites of CHO cells are considered to 259 
be constant with different concentrations of glucose, the metabolic rate per volume of CHO cells is 260 
given as per equation (24). The coefficient of the CHO cells’ glucose metabolites is calculated as 261 kc ≈ 1.0 × 10−13 mole/cell ∙ hr, where kc is derived from the experimental data from Altamirano et 262 
al. [24].  263 
2.5.3 Doubling time coefficient 264 
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This cell growth kinetics for the simulation is determined based on in-house experimental data. The 265 
following steps were conducted to collect the data for the simulations. A HARV bioreactor was placed 266 
in a humidified incubator under a 95% air: 5% CO2 atmosphere and at a temperature of 37°C. Cells 267 
were then seeded in a 55ml capacity vessel at a density of 3×105 viable cells/ml in the cell culture 268 
medium at 37°C. The vessel was connected to the motor on the bioreactor and a rotational speed of 7.5 269 
rpm was selected. During the experiment, we assume that no aggregate is formed and there is no need 270 
to increase the rpm as cells are grown. We then identify the growth kinetics based on the assumption of 271 
exponential growth and the relationship between nutrient diffusion and cell growth. The data on the 272 
transient cell density from our experiments are shown in Figure 3.  273 
 274 
Based on our assumption of exponential cell growth and the comparison of the experimental data from 275 
Altamirano et al. and our experiments, the growth kinetics of the cells in terms of cell density (d) is 276 
calculated using the modified exponential growth from equation (27). In our experiments, the rotation 277 
speed is set at a constant 7.5 rpm. The initial cell density d0 is 3×105 viable cells/ml and the doubling 278 
time of the cells is 1.95 days. Based on the experimental data, the following coefficient is obtained: 279 ke = 4.2 × 10−6(s−1).  280 
 281 
In view of the initial conditions used (as described in the cell distribution section) for the cultivation 282 
experiment, the cell density is considered as well mixed and distributed throughout the whole domain. 283 
The medium parameters applied in the cell growth kinetics and metabolisms are based on the 284 
assumption of the glucose medium described in the cell distribution section. Hence, the initial 285 
concentration of glucose used is 5.5 mole/m3 and is considered as having equal distribution throughout 286 
the whole domain. 287 
3. Results and Discussions 288 
3.1. Validation of numerical results 289 
The validation of the numerical simulation is conducted by simulating and qualitatively comparing 290 
experiments of Pollack et al. [4]. For this purpose, the HARV parameters in Pollack et al.’s model are 291 
applied in the developed model where the vessel volume is approximately 55ml where the diameter of 292 
the disk is defined to be about 10 cm. This simulation is conducted to identify the cell  movement in 293 
the early stage of cell culture and to compare the simulation results with previous experimental results 294 
[4]. In this modelling validation, the initial condition of the suspended cell is considered to be that they 295 
are micro-particles suspended in the upper region of the bioreactor. Subsequently, we observe if the 296 
developed model can produce the swirling motion of the cells observed in the bioreactor by Pollack et 297 
al. [4], as follows.  298 
 299 
To compare the simulation results with the experimental results under consistent/similar conditions, 300 
the experimental parameters are made consistent with previous study [4], whereby the cell diameter is 301 
defined to be 1 mm, the density is 1200 kg/m3 and fluid is distilled water with a density of 1000 kg/m3. 302 
The rotation speed is set at 10 rpm. It is assumed that the  cells are well dispersed at the initial 303 
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condition, with a constant volume fraction of 0.5. The initial conditions for the  cells’ volume fraction 304 
distribution are shown in Figure 4 (a). 305 
 306 
The results show that the cells are likely to move towards the wall, which happens when the central 307 
volume fraction slightly decreases and the volume fraction is higher on the left side. In the experiment 308 
by Pollack et al. [4], the results of the micro-carrier movement for higher-density particles show 309 
sedimentation of the cells near the wall. This is caused by the high centrifugal force caused by the high 310 
density difference between the particles and the fluid medium; thus, the particle distribution is more 311 
significant, as shown in Figure 4. The simulation results in Figure 4(b) show that for the cell with a 312 
density higher than that of the medium fluid, the cells density tend to be higher at the outer region of 313 
the radius of the bioreactor. The high volume fraction of the cells shown in the left section may cause 314 
high-frequency collisions between the cells and the vessel wall. These results are almost the same as 315 
the experimental results in the study of Pollack et al. [4]. For the cells with a lighter density than the 316 
medium fluid, the simulation results can be found in Figure 4(c). In this operation, the initial volume 317 
fraction of the cells is set as 0.5, responding to this change, the results represent a reverse condition 318 
compared to previous simulations. They show that the volume fraction in the inner region of the radius 319 
increased, whilst a high volume fraction appeared in the right vessel wall. These simulation results are 320 
also consistent with the experimental results in previous research. 321 
 322 
It is not possible for the initial cell distribution to be well mixed due to the different densities of the 323 
cells and the medium fluid. For the cells with a lower density than the medium fluid, the cell volume 324 
fraction should be allocated in the top of the bioreactor, where all cells are floating in the medium 325 
fluid. The modelling results using this assumption as a new initial condition are shown in Figure 5. We 326 
find that the experimental results of Pollock et al [4] are almost the same as predicted in this paper. 327 
The lighter cells are first mixed in the outer radius of the bioreactor and then the cell density slowly 328 
increases in the inner part of the bioreactor. The simulated results shown in Figure 5 are similar to the 329 
previous experiment results [4], as shown in Figure 6. The early stage of cell movement is considered 330 
as a helix structure, and the lighter cells move towards the centre of the HARV bioreactor. The 331 
validation of the simulation result provides a better understanding of the cells movement in HARV and 332 
enhances the reliability of the performance of our modelling framework in the simulation of cells 333 
movement and distribution.  334 
 335 
3.2. Cells Distribution and Motion  336 
 337 
In the above simulation (based on Pollack et al.’s experiment [4]), the cell movement has a constant 338 
cell number and a constant initial condition for the suspended cells. However, in the real experiment in 339 
HARV, the volume fraction of the cells is relatively small at the beginning, and the cell density 340 
increases and decreases with time for the same population of cells. To incorporate this behaviour of the 341 
culturing conditions with growing cells, we apply in-house experimental data from culturing CHO 342 
cells in higher-speed rotation conditions. Due to the small cell size and stable growth kinetics, CHO 343 
cells were a perfect split-growth cell to choose as a culturing target. The cultivation conditions of the 344 
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experiment are introduced in the data collection section (section 2.5.2). Some typical cell distribution 345 
simulation results are shown in Figure 7. The right bars of the figures indicate the cell density. 346 
 347 
In the simulations, the initial condition for our culturing experiment is not considered to be a cell 348 
suspension condition, which means the well-mixed CHO cells condition is introduced as the initial 349 
condition. Because of this, when we inject the cells and the medium into the HARV bioreactor, the 350 
cells and the fluid medium are well mixed. Also, the HARV bioreactor is placed horizontally until the 351 
rotating process begins. However, our experimental data does not completely fit with the requirements 352 
of this model simulation. Due to the lack of precise experimental data relating to the cell density, the 353 
viscosity and the parameters of the CHO cells and the culture medium ex-cell etc, CHO (Sigma-354 
Aldrich, UK), we make the assumption that the culture medium is 5.5 mole/m3 glucose. The physical 355 
parameters of the CHO cells are taken from both experimental assumptions in our experiment and 356 
from some experimental data in Ye et al. [26] and Abdullah et al. [27], in order to determine the values 357 
of the model parameters used for cell growth kinetics. Hence, the relationship between cell density, d, 358 
and the cell volume fraction, Φ, could be defined as the following equation: 359 
 360 
Φ = 1
6
πda3 (28)  
 361 
The parameters of the model are shown in Table 1. The simulation results show that the distributions 362 
of cells appear as concentric circles and that the cells density is higher in the middle of the HARV 363 
bioreactor. These cell distribution results imply that the cells may accumulate in the middle of the 364 
HARV bioreactor at sufficiently high cell density. In a 24-hour cell distribution experiment, Pollack et 365 
al. [4] also found that the microcarriers aggregated in the centre of the HARV bioreactor. Comparing 366 
these results to those of the present experiment, the different distribution conditions are significant. 367 
One possible reason for the distribution difference is the different sizes of the cells. Because the effect 368 
of drag force is larger on smaller cells than on bigger cells, smaller cells are more affected by the 369 
diffusion and convection caused by the fluid velocity field. Another possible reason is the slight 370 
density difference between the fluid and the cell, which eliminates the effect of the buoyancy force on 371 
the cells. 372 
 373 
A typical snap-shot of velocity distribution inside the bioreactor is shown in Figure 8. This result 374 
implies that, due to the small cell volume and parameters of the cells, the effects of the drag force on 375 
the suspended cells in the rotation velocity condition are negligible. Therefore, the rotation velocity 376 
distribution is not found to vary significantly as cells grow and it can be considered as a stable rotation 377 
condition throughout the cell growth process. The purpose of presented model of cells distribution and 378 
motion is to provide the evolution of cell distribution over time during the cell cultivation in HARV. 379 
On the basis of these simulation results, we could then determine nutrient transport behaviour and cells 380 
growth kinetics with the help of developed tool for simulating coupled cell growth and nutrient 381 
transport. Importantly, the simulator can be used to control the parameters of cells cultivation, such as, 382 
rotating speed, scaffold density etc., for designing experiment in the future. 383 
3.3. Nutrient transport behaviour 384 
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As stated earlier, we only consider one specific nutrient used for cell growth and metabolism, namely, 385 
glucose, where the diffusion equation (24) is applied to simulate the glucose transport. The metabolite 386 
of CHO cells is rc, which is taken as a constant rate consumption of individual cells (discussed in the 387 
cell cultivation section). The diffusion coefficient is defined to be isotropic in the HARV bioreactor for 388 
the purpose of this paper and is set as 5.4 × 10−10  m2s-1 [26]. The nutrient transport boundary 389 
conditions for the above simulation are considered as non-flux and slip rotating wall. Also, the velocity 390 
field of the fluid medium u is simulated by the momentum equatiHon for suspended cells (1) as shown 391 
in Figure 8. The simulation results for the glucose transport are derived from the aforementioned 392 
parameters, the aforementioned equations and the metabolites of CHO cells, which will be described in 393 
the next section on cell cultivation. Figure 9 shows the distributions of glucose from the first day to the 394 
fourth day. The right bar represents the concentration of glucose. 395 
 396 
The distributions of glucose at each time point show similar results. The glucose concentration is fairly 397 
homogeneous for in the HARV bioreactor due to the minimal differences in the nutrient concentration 398 
distribution throughout the culturing rotation. However, the results (Figure 9) demonstrate that the 399 
concentration of glucose decreases from the outer radius of the HARV bioreactor to the inner radius, 400 
and the concentration distribution is especially significant in the middle section. This is possibly 401 
caused by the higher consumption rate of glucose, which contributes to the higher cell density 402 
distribution in the middle of the radius.  403 
3.4. Numerically determined cell growth 404 
In real cell cultures experiment, the cell growth kinetics is determined on the basis of many factors and 405 
the complex interplay of a number of other parameters such as nutrient concentration distribution. The 406 
cell density in a bioreactor may also be experimentally determined at different time. A similar exercise 407 
may be conducted using our simulation as well where the average cell density in the bioreactor can be 408 
determined numerically as shown in Figure 10. Comparing the simulation results and the results of the 409 
experiments done by Altamirano et al. [24], the findings show similar growth conditions relating to 410 
CHO cell density. The growth condition in the simulation results is almost equal to that in the 411 
experimental results shown in Figure 2, which shows that the doubling time from the cultivation 412 
experiment and the growth kinetics applied in the higher nutrient concentration condition resemble the 413 
real cell growth condition. Also, the rotating bioreactor simulation shows better growth rates compared 414 
to the batch reactor, which may be caused by the higher density of CHO cell in the HARV bioreactor 415 
than in the batch reactor. In their experiments, Altamirano et al. found that the CHO cells continued 416 
growing for 20–30 hrs after the nutrient had been completely consumed. On the other hand, the 417 
simulation results represent death/degeneration of the CHO cells during this time period. This may be 418 
due a lack of precise experiment results for HARV in our study. Nevertheless, the developed 419 
framework provides a possible way to simulate the culturing conditions of rotating bioreactors in lieu 420 
of experiments. In consideration of designing the bioreactor, our framework provides the capability to 421 
analyze different circumstances separately and control specific parameter for different designing 422 
purpose, such as, the geometry of bioreactor, the density of cells. Alternatively, the flexibility of the 423 
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developed model enables one to simulate the effects of various modelling parameters (such as growth 424 
kinetics) for a given circumstance.  425 
4. Conclusion 426 
The rotating bioreactor is a novel bioreactor used for tissue development and cell culturing. In previous 427 
research, the rotating bioreactor has been found to provide a well-mixed and three-dimensional cell 428 
culture environment with low shear stress and microgravity. The bioreactor also provides higher gas 429 
permeability and it has been shown in earlier work that this type of bioreactor has high potential for 430 
three-dimensional tissue developments. Hence, building a modelling framework to simulate the fluid 431 
dynamics, nutrient transport and cell growth kinetics in the bioreactor is important for further research 432 
and development of the bioreactor technology. In the developed mathematical model, we use a model 433 
of suspended particle movement to simulate the cell distribution in the HARV bioreactor. This is a 434 
specific variant of the NASA bioreactor. The nutrient transport behavior is simulated by coupling 435 
diffusion and convection equations. Combining those two features in the HARV bioreactor, we 436 
developed a model of cell growth kinetics for calculating the cell growth rate and the productivity of 437 
the cells. We have used in-house experimental data of transient cell density and doubling time for 438 
simulating the CHO cells’ growth. We have then compared the simulated results with cell  cultivation 439 
experiment from the literature where we have observed that the simulated results can produce swirling 440 
motion of the cells in the HARV bioreactor. By performing this qualitatively comparison, we could 441 
confirm the reliability of the developed model. The results of the cell distribution simulation imply that 442 
the distribution in the HARV bioreactor depends on the cell, such as the cell density and type of cells. 443 
The level of cell aggregation may increase with larger-sized cells and with higher density differences 444 
between the cells and the fluid medium. However, some parameters used in this simulation are defined 445 
by assumptions as they were not available at the time of simulation. To collect more precise simulation 446 
results, further studies are needed. Nevertheless, the aim of this paper, i.e., to develop a simulation tool 447 
for coupled cell motion and nutrient transport in HARV bioreactor have been achieved. The 448 
framework provides the capability to analyze different circumstances and control specific parameters 449 
for given designing purpose, such as, the geometry of bioreactor, the density of cells. Alternatively, the 450 
flexibility of our model enables one to simulate the effects of various modelling parameters (such as 451 
growth kinetics).  452 
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Table 1. The parameters used for the simulation of cell distribution  517 
Model parameter Symbol Value Unit Reference 
Diffusivity of glucose  Df 5.4 × 10−10 m2∙s-1 [26] 
Concentration of glucose C 5.5 mole∙m-3 [26] 
Density of fluid ρf 1,050 kg∙m
-3 - 
Density of CHO cells ρs 1,000 kg∙m
-3 - 
Average CHO cell 
diameter 
a 5.0 × 10−6 m - 
Viscosity of medium 
fluid 
µf 0.5889 Pas - 
Rotation speed - 7.5 rpm - 
 518 
  519 
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 520 
 521 
 522 
Figure 1. A schematic diagram of the rotating bioreactor. This vessel rotates on its z-axis (shown 523 
in the diagram) [4].  524 
  525 
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 526 
 527 
Figure 2. Cross-section of the surface geometry of the HARV model. The diameter is 0.1m, 528 
and the model framework is built with a Cartesian coordinate system. The size of the mesh 529 
ranges from a minimum value of 𝟏.𝟐𝟓 × 𝟏𝟎−𝟓m to a maximum value of 0.0037m. 530 
  531 
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 532 
Figure 3. In-house experimental data for CHO cell density as a function of time. The doubling 533 
time of CHO cells is 1.95 days, where the cell is culturing at a density of 3×105 viable cells/ml in 534 
at 37°C and a constant rotating speed at 7.5 rpm 535 
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(a) (b)  542 
(c)  543 
 544 
Figure 4. (a) The initial conditions of the validation of the cell volume fraction distribution, 545 
according to previous experimental data [4], (b) The validation of denser particles’ (1.200 g/cm3) 546 
volume fraction distribution after 100s clockwise rotation, (c) The particles’ (0.800 g/cm3) 547 
volume fraction distribution after 100s rotation. 548 
 549 
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 552 
 553 
Figure 5. The cell volume fraction distribution (a) Time zero, when all particles are floating 554 
on the top of the bioreactor. (b), (c) and (d) bioreactor starts rotating; the cells are first 555 
mixed on the outer region of the radius and then the cell density slowly increases into the 556 
inner part of the bioreactor.  557 
558 
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 559 
Figure 6. The microcarrier movement with the polymer microcarrier at a lighter density 560 
than the flow medium. The early stage of movement shows similar results to the simulated 561 
results in the suspended cell model [4]. This is for a vessel of 55ml volume which has a 562 
diameter of 0.1m. 563 
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 566 
 567 
Figure 7. The cell density distribution in the HARV bioreactor at (a) time =86,400s (1 day), 568 
(b) time =259,200s (3 days), (c) time = 432,000s (5 days), and (d) time = 604,800s (7 569 
days).  570 
 571 
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 574 
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(a) (b)  576 
 577 
Figure 8. A typical velocity field in the bioreactor throughout the whole cultivation; (a) shows the 578 
magnitude of the velocity field and (b) shows the velocity vectors. 579 
 580 
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 584 
Figure 9. The simulation results for the nutrient distribution of glucose for CHO cell 585 
cultivation in the HARV bioreactor at (a) time=86,400s (1 day), (b) time=172,800s (2 586 
days), (c) time=259,200s (3 days) and (d) time=345,600s (4 days) 587 
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 591 
 592 
Figure 10. Numerically determined average cell density as a function of time. These are averaged data 593 
based on the cell density at all numerical points in the bioreactors and therefore they are not compared 594 
directly to experimental measurements of the cell density as they are point data.  595 
